abstract: The epithelial cell surface of the endometrium undergoes substantial biochemical changes to allow embryo attachment and implantation in early pregnancy. We hypothesized that tissue macrophages influence these events to promote uterine receptivity. To investigate the role of macrophages in regulating epithelial cell expression of genes linked to glycan-mediated embryo adhesion, Ishikawa, RL95-2 and HEC1A endometrial epithelial cells were cultured alone or with unactivated or lipopolysaccharide-activated monocytic U937 cells, separated using transwell inserts. Expression of mRNAs encoding two a1,2-fucosyltransferases (FUT1, FUT2) was increased in all three epithelial cell lines following co-culture with U937 cells, and was associated with increased fucosylation of cell surface glycoproteins detected using lectins from Ulex europaeus (UEA-1) and Dolichos biflorus (DBA). FUT1 induction by U937 cells also occurred in primary endometrial epithelial cells collected in luteal but not proliferative phase. Activation of the interleukin-6 (IL6)/leukemia inhibitory factor (LIF) cytokine signaling pathway with phosphorylation of STAT3 and elevated SOCS3 mRNA expression was evident in epithelial cells stimulated by U937 co-culture. Several recombinant macrophage-secreted cytokines exerted stimulatory or inhibitory effects on FUT1 and FUT2 mRNA expression, and the macrophage-derived cytokine LIF partially replicated the effects of U937 cells on both FUT1 and FUT2 expression and UEA-1 and DBA lectin reactivity in Ishikawa cells. These results suggest that macrophage-derived factors including LIF might facilitate development of an implantation-receptive endometrium by regulating surface glycan structures in epithelial cells. Abnormal phenotypes or altered abundance of uterine macrophages could contribute to the pathophysiology of primary unexplained infertility in women.
Introduction
Embryo implantation is the first step in the sequence of events that leads to early placental development enabling the fetus to access a maternal nutrient supply and sustain its growth and development to term. Implantation commences with embryonic apposition and attachment to the luminal surface of a receptive uterine endometrium. Implantation failure is a major cause of human infertility; of embryos grown in vitro to a suitable quality for transfer, 83-89% fail to achieve successful implantation (Imoedemhe et al., 1995; Van der Elst et al., 1996) . Of these, approximately one-third can be attributed to developmental incompetence of the embryo (Edwards, 1994; Simon et al., 1998; Vidal et al., 1998) . The remaining two-thirds are due to inadequate uterine receptivity or defects in communication between the embryo and endometrium (Chang and Sauer, 2002; Lessey, 2002a, b; Ma et al., 2003; Sharkey and Smith, 2003) . To understand the pathophysiology of implantation failure, it is necessary to define the mechanisms that generate a phase of uterine receptivity in each menstrual cycle, when the normally refractive state of the endometrial surface is transiently overcome for 4 days in the midluteal phase. The 'window' of opportunity for embryo implantation in each cycle arises as the culmination of a spatially and temporally coordinated series of adaptations in the cells of the endometrium to allow embryo attachment initially to the apical glycocalyx of uterine epithelial cells, followed by early trophoblast invasion and conceptus access to the maternal blood supply (Lessey, 2002a, b; Achache and Revel, 2006; Aplin, 2007) .
Ovarian steroid hormones drive sequential changes in the structure, cellular composition and expression of genes in the endometrium and these appear to be modulated and amplified by molecular mediators acting locally within the tissue (Carson et al., 2000; Bagchi et al., 2003; Bigsby and Bethin, 2008) . The definitive molecular signature of a receptive epithelial cell surface and the pathways that control it are still being defined, but certain key molecules are implicated in controlling embryo attachment. These include specific integrins which are up-regulated at the time of endometrial receptivity (Lessey et al., 1995; Achache and Revel, 2006) , and the anti-adhesion mucins MUC1 and MUC4 which are focally down-regulated in the attachment site (Hoffman et al., 1998; Aplin et al., 2001) .
As well as specific attachment proteins, the 'glycocode' at the apical surfaces of the maternal epithelium and the embryonic trophectoderm contributes to maternal-embryo recognition. Post-translational modification by modulations in glycosylation pattern is critical to the function of several adhesion and anti-adhesion molecules (Aplin, 1991 (Aplin, , 1999 Jones and Aplin, 2009) . Specific fuco-oligosaccharides including the H type and Lewis blood group antigens are implicated in the acquisition of receptivity for embryo attachment (Lindenberg et al., 1988; . Their level of fucosylation is regulated by enzymes known as fucosyltransferases. The human fucosyltransferases are a family of 14 type II Golgi-anchored transmembrane enzymes. Two members of the family, FUT1 and FUT2 catalyze the transfer of fucose in a1,2 linkages to generate the H type and Lewis antigens (de Vries et al., 2001; Ma et al., 2006) . Transfection experiments show that FUT1 function is likely to catalyze a1,2-fucose transfer to alter glycosylated structures expressed by other molecules regulating embryo attachment, including MUC1 and a5b1integrin (Lopez-Ferrer and de Bolos, 2002; Yan et al., 2010) .
Macrophages are versatile cells that adapt to their local cytokine environment to attain different resting or activation phenotypes and exert a range of tissue remodeling, homeostatic and immune regulatory functions in peripheral tissues (Gordon and Taylor, 2005; Martinez et al., 2009) The endometrium is richly populated with macrophages recruited under the influence of chemokines and cytokines synthesized in response to fluctuating ovarian steroid hormones (Hunt and Robertson, 1996) . Their abundance and spatial proximity to luminal epithelial cells implicate these cells as potential regulators of epithelial cell attachment molecules. Our recent studies in the mouse show that the fucosyltransferase Fut2 is up-regulated in vitro following co-culture with macrophages or with the macrophage-derived mediators leukemia inhibitory factor (LIF) and interleukin-1B (IL1B) (Jasper et al., 2010) . When uterine macrophages were diminished in vivo by removal of inflammation-inducing signals in male seminal fluid, uterine epithelial Fut2 was reduced. Similarly, when macrophages were transiently depleted in vivo in the transgenic Cd11b-dtr mouse, terminal fucosylation of embryo attachment ligands expressed by uterine epithelial cells was impaired (Jasper et al., 2010) .
The objective of this study was to examine in human endometrial epithelial cells the possibility that macrophages influence expression of glycoconjugates linked with receptivity to implantation. Uterine epithelial cells (Ishikawa, RL95-2, HEC-1A or primary cells) were cultured with U937 monocytes, and expression of mRNAs encoding the fucosyltransferase enzymes FUT1 and FUT2 [Enzyme Commission number (EC) 2.4.1.69] were measured. Consistent with increased bioactivity of these enzymes, we also showed elevated synthesis of fucosylated glycoconjugates by epithelial cells in the presence of U937 cells. Through evaluating U937 cell-induced signaling in Ishikawa cells and using recombinant cytokines, LIF was then identified as a potential factor mediating macrophage-epithelial signaling. (Noyes et al., 1975) . Isolation of primary endometrial epithelial cells was performed as described previously (Arnold et al., 2001) , with modifications. Tissues were minced into small pieces of ,1 mm and then digested in 2 mg/ml collagenase (CLS-1, Worthington Biomedical, Freehold, NJ, USA) and 100 U/ml deoxyribonuclease I (DNAase I; Sigma) in 1:1 DMEM/F12 medium without phenol red (Invitrogen) with antibioticantimycotic (Invitrogen) for 1 h at 378C on a shaking rotor. The singlecell fraction containing stromal cells was removed by three rounds of differential sedimentation at unit gravity and using a 40 mm nylon mesh cell strainer (BD Falcon, Franklin Lakes, NJ, USA; Kariya et al., 1991) , and the remaining fraction of the large clumps containing epithelial cells was collected. Any remaining stromal cells were removed by selective adherence to plastic tissue culture dishes for 1 h. The non-adherent cell clumps were collected again and treated with 0.05% trypsin, 0.02% EDTA and 0.005% DNAase I for 5 min to obtain single epithelial cells, which were plated at 1 × 10 5 cells in DMEM/F-12 + 10% FBS on culture plate inserts (Millicell-CM, Millipore Co., Billerica, MA, USA) precoated with basement membrane extract (BME, diluted 1:8 in sterile PBS) (Matrigel, Collaborative Biomedical Products, Bedford, MA, USA). Sixteen hours later, epithelial cells were added to U937 cell co-culture wells as described above. The purity of epithelial components was assessed morphologically by light microscopy and by cytokeratin and vimentin staining for epithelial and stromal cells, respectively. The epithelial cell population was routinely over 98% pure.
Materials and Methods

Macrophage cell culture and cytokine assay
The U937 human monocyte cell line from a human histiocytic lymphoma (Koren et al., 1979) was purchased from ATCC (CRL-1593.2, Rockville, MD, USA). U937 cells were cultured in RPMI 1640 medium (Invitrogen) with 10% FBS, 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4.5 g/l glucose and 1.5 g/l sodium bicarbonate (RPMI + 10% FBS). U937 cells were activated with lipopolysaccharide (LPS) using a protocol that is known to induce expression of macrophage differentiation markers and elevated pro-inflammatory cytokines (Ikewaki et al., 1993; Haidet et al., 2011) , by incubation with 1 mg/ml of LPS (Sigma) for 24 h at 4 × 10 5 cells/ml in DMEM/F-12 + 10% FBS. Unactivated U937 cells, or LPS-activated U937 cells were then washed three times in DMEM/F-12 + 10% FBS to remove LPS, and were used in co-culture experiments as above.
Quantitative RT-PCR
Total RNA was extracted from epithelial cells using Trizol (Invitrogen) and treated with DNase (Ambion, Austin, USA). Single-stranded cDNA was synthesized from 3 mg of random primed-total RNA using SuperScript III (Invitrogen) (10 min/708C, 5 min/258C, 45 min/438C). Primer pairs were designed using Primer Express version 2.0 software (Applied Biosystems, Foster City, CA, USA), as shown in Table I . Primers for 18S ribosomal RNA were purchased from a commercial supplier (Universal Primers and Universal Competimers; Ambion, Austin, TX, USA). The PCR amplification employed reagents supplied in a 2× SYBR Green PCR Master Mix (Applied Biosystems) and 0.5 mM primers for all target RNAs, other than FUT1 primers which were 2.0 mM. PCR amplification was performed in an ABI Prism 7000 Sequence Detection System (Applied Biosystems) to allow amplicon quantification according to the manufacturer's instructions. The negative control included in each reaction contained H 2 O substituted for cDNA. Reaction products were analyzed by dissociation curve profile, and by 2% agarose gel electrophoresis. Representative PCR products were purified and then sequenced at the Institute of Medical and Veterinary Science (Adelaide, Australia) using Big Dye version 3 (Applied Biosystems) to confirm primer specificity. Assay optimization and validation experiments were performed as previously described (Bonello et al., 2004) . All samples were reverse transcribed in a single batch and assayed with each individual primer set in the same PCR. Messenger RNA abundance data were normalized independently to 18S mRNA expression, and expressed in arbitrary units as a ratio of the mean value of the control group, where the mean of the control group was equal to 1.
Flow cytometry analysis
Epithelial cells were harvested from transwell inserts or tissue culture flasks with 2 mM EDTA and 1 × 10 5 cells were suspended in 100 ml of PBS containing 2% FBS and 0.1% NaN 3 . To block non-specific binding, cells were 
Solid phase lectin binding assay
Ishikawa cells cultured with or without LIF (10 pg/ml, 48 h) were washed twice in PBS and plasma membrane extracts were prepared by addition of ice-cold lysis buffer [5 mM Tris-HCl, 2 mM EDTA, and protease inhibitor cocktail (Sigma), pH 7.4] and incubation for 5 min at 48C, then centrifugation at 25 000 g for 30 min at 48C. Membranes were resuspended in 75 mM Tris -HCl, 12.5 mM MgCl 2 , 5 mM EDTA, and protease inhibitors, (pH 7.4) and total protein concentration was determined by Bradford assay (Bio-Rad Laboratories, Inc., CA, USA). Membrane protein samples (0.5 mg in 100 ml resuspension buffer) were absorbed overnight at 408C onto a 96 well plate (Multisorb, Nunc, Roskilde, Denmark). Wells were then blocked by incubation with PBS/3% BSA for 1 h at RT, washed three times with 0.05% Tween 20 in PBS, incubated with 2 mg/ml biotinylated UEA-1 or DBA in PBS/3% BSA for 1 h at RT and washed three times again. Ligand binding was detected by incubation with streptavidin-HRP (R&D Systems) (1:200 in PBS/3% BSA) for 20 min at RT, followed by Tetramethylbenzidine Substrate Solution (R&D Systems) for 20 min at RT in the dark. The reaction was terminated by the addition of 2 N H 2 SO 4 and optical density was determined as the absorbance at 450 nm minus the absorbance at 570 nm. Values for specific lectin binding in extracts were calculated by subtracting values for negative control wells, where Ishikawa membrane protein was omitted.
STAT3 activity assay
Nuclear proteins from endometrial cells were prepared as previously described (Nakamura et al., 2004) , with modifications. Ishikawa or RL95-2 cells were washed twice with ice-cold PBS containing 1 mM Na 3 VO 4 and 5 mM NaF and then lysed in ice-cold nuclear extract lysis buffer [10 mM HEPES (pH 7.9), 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, 0.1% NP-40, 2 mM Na 3 VO 4 , 5 mM NaF, 25 mg/ml chymostatin, 0.2 mM PMSF, 3 mg/ml aprotinin, 25 mg/ml leupeptin and 25 mg/ml 
pepstatin] aided by homogenization in a Dounce homogenizer fitted with a loose pestle (Wheaton, Millville, NJ, USA) on ice. The homogenate was centrifuged at 1000g for 20 s at 48C, and the supernatant was incubated on ice for 5 min and then centrifuged at 3300g for 5 min at 48C. The pelleted nuclei were resuspended in 100 ml of nuclear extraction buffer [20 mM HEPES (pH 7.9), 1.5 mM MgCl 2 , 420 mM NaCl, 0.5 mM DTT, 25% glycerol, 2 mM Na 3 VO 4 , 5 mM NaF, 25 mg/ml chymostain, 0.2 mM PMSF, 3 mg/ml aprotinin, 25 mg/ml leupeptin, 25 mg/ml pepstatin] and incubated on ice for 30 min. The suspension was centrifuged at 12 000g for 5 min at 48C and the supernatant (nuclear extract) was aliquoted, snap frozen in liquid nitrogen and stored at 2808C. Protein concentration was determined by Bradford assay (Bio-Rad Laboratories, Inc.) and the amount of signal transducer and activator of transcription 3 (STAT3) in the phosphorylated form was measured using intracellular DuoSet IC (R&D Systems, MN, USA) according to the manufacturer's instructions. This assay utilizes an immobilized capture antibody specific for STAT3 that binds both phosphorylated and unphosphorylated STAT3, together with a biotinylated detection antibody specific for STAT3 phosphorylated at tyrosine residue Y705 (pSTAT3), which is used to detect the protein utilizing a standard streptavidin-(horse-radish peroxidise) HRP format.
Statistical analysis
SPSS version 17 (SPSS, Chicago, USA) was used to analyze complete data sets. Data points lying outside 3× the interquartile range were considered outliers and were removed from data sets. Data were analyzed by the Kruskal -Wallis H and Mann-Whitney U-Tests since the Shapiro-Wilk's test showed most data sets not to be normally distributed. Statistical significance in differences between groups was concluded when P , 0.05.
Results
Macrophage regulation of endometrial epithelial cell FUT1 and FUT2 mRNA expression
To investigate effects of macrophage-secreted agents on epithelial cell FUT1 and FUT2 mRNA expression, RL95-2, HEC1A or Ishikawa cells were cultured for 24 or 48 h in the presence of U937 cells separated by transwell inserts. A range of cell lines was evaluated on account of the known variability between their phenotypes and behavior and differing extents of relatedness to primary cells (Hannan et al., 2010) . U937 monocytes were used in an unactivated resting state, or activated with LPS to induce differentiation towards a macrophagelike phenotype and enhanced secretion of pro-inflammatory cytokines (Ikewaki et al., 1993; Haidet et al., 2011) . Co-culture with U937 cells elevated FUT1 and FUT2 gene expression in all three cell lines, with some variation in the strength of response according to the epithelial cell line and the activation status of U937 cells. The effect was evident at both time points tested, but greater changes were seen at 48 h than at 24 h, so only the 48 h data are reported here. FUT1 mRNA was increased in Ishikawa and RL95-2 cells following co-culture with U937 cells compared with culture in medium alone (1.7 -2.9-fold; Fig. 1A ). FUT2 mRNA was increased in Ishikawa, RL95-2 and HEC1A cells after 48 h of co-culture (2.1 -2.9-fold; Fig. 1B ). For Ishikawa and HEC1A cells, LPS-activated and unactivated U937 cells were similarly effective in inducing FUT1 and FUT2 mRNA expression, but RL95-2 cells were more responsive to unactivated U937 cells than to LPS-activated U937 cells (Fig. 1A and B) .
To determine if a1,2-fucosyltransferase gene expression in primary cells responded in a similar way to U937 cell co-culture, we repeated these experiments with epithelial cells prepared from proliferative phase or luteal phase endometrial biopsies. FUT1 mRNA was increased in primary cells recovered in luteal phase following co-culture with LPS-activated or unactivated U937 cells for 48 h compared with culture in medium alone (5.4-and 2.5-fold, respectively), despite considerable variability between individual preparations in responsiveness to U937 cells. However, no change was seen in primary cells recovered in proliferative phase ( Fig. 2A) . FUT2 mRNA expression in primary cells was not significantly altered by co-culture with U937 cells (Fig. 2B ).
Macrophage regulation of epithelial cell fucosylation
To determine whether co-culture with U937 cells elicits changes in fucosyltransferase enzyme bioactivity in epithelial cells, UEA-1 and DBA staining of terminal fucose (Fuca1-2Gal) was analyzed by flow cytometry. Ishikawa and RL95-2 epithelial cells were used, as these cell lines Figure 1 Effect of co-culture with U937 cells on uterine epithelial cell line expression of fucosyltransferase mRNAs. Ishikawa, RL95-2 and HEC1A cells were cultured in transwell inserts for 48 h and culture wells contained LPS-activated or unactivated U937 cells or medium alone. Epithelial cell FUT1 (A) or FUT2 (B) mRNA expression was quantified by qRT -PCR. Data were normalized to 18S expression and expressed as fold change relative to the medium alone control group (mean + SEM, n ¼ 9 replicates per group). Data were evaluated by the Kruskal-Wallis H-test and MannWhitney U-test (*P , 0.05 compared with the control group for the same epithelial cell line).
showed greater responsiveness than HEC1A cells in the first experiment. In both cases, UEA-1 staining was increased following 48 h co-culture with U937 cells compared with epithelial cells cultured alone in a pattern matching FUT1 and FUT2 mRNA expression (Fig. 3A-D) . In Ishikawa cells, increased UEA-1 levels were induced by both unactivated and LPS-activated U937 cells (Fig. 3E) . In RL95-2 cells, unactivated U937 cells but not LPS-activated U937 cells elicited increased UEA-1 staining (Fig. 3E) . Elevated DBA staining was evident in Ishikawa cells incubated with LPS-activated but not unactivated U937 cells, while no change in DBA staining was seen in RL95-2 cells (Fig. 3F ).
Cytokine regulation of epithelial cell mRNA expression
To investigate the identity of the active factors secreted by U937 cells, several recombinant cytokines were assessed for their ability to replicate the effect of co-culture with U937 cells. The panel was based on published information on cytokines constitutively produced by U937 cells (Bhalla et al., 1991; Rioux and Castonguay, 2001; Haidet et al., 2011) , which we confirmed by ELISA and microbead assay (H. Nakamura and S.A. Robertson, unpublished data) and included cytokines we previously found to affect mouse uterine epithelial cell expression of FUT1 and FUT2 genes (Jasper et al., 2010) . Different cytokines elicited different effects on FUT1 and FUT2 expression after 48 h of co-culture with a single tested concentration (1 ng/ml) of each individual cytokine. FUT1 mRNA was up-regulated in RL95-2 cells following treatment with LIF (2.2-fold, P ¼ 0.06) or IL12 (1.7-fold, P ¼ 0.009) compared with cells cultured alone (Fig. 4A) . FUT2 mRNA was also up-regulated by LIF in RL95-2 (2.2-fold, P ¼ 0.0.014; Fig. 4B ). Some cytokines inhibited FUT1 or FUT2 expression-FUT1 mRNA was reduced in Ishikawa cells by 40% with IL1B or IL6 (P , 0.05) (Fig. 4A) . In both Ishikawa and RL95-2 cells, FUT2 mRNA was down-regulated by 43-80% by IL1B (P ¼ 0.028) or TNF (P ¼ 0.014), and in Ishikawa cells it was also down-regulated by IL12 (63%, P ¼ 0.002) and LIF (46%, P ¼ 0.024) ( Fig. 4A and B) .
Macrophage activation of IL6/LIF signaling pathway in epithelial cells
Since LIF was the most active cytokine in inducing epithelial cell FUT1 and FUT2 mRNA expression and our recent studies identified LIF as a key macrophage-derived cytokine regulating mouse endometrial epithelial cells (Jasper et al., 2010) , we focused on LIF in subsequent experiments. Initially, we investigated the effect of U937 cells on the IL6/LIF signaling pathway in epithelial cells. Co-culture with LPS-activated U937 cells increased phosphorylation of the transcription factor STAT3 (pSTAT3) in Ishikawa cells (1.2-fold), but not in RL95-2 cells (Fig. 5A) . Expression of SOCS3 mRNA, which encodes the suppressor of cytokine signaling 3 (SOCS3) protein, a downstream component of LIF receptor signaling, was increased 1.8-fold in Ishikawa cells following co-culture with naive or LPS-activated U937 cells, but was not substantially changed in RL95-2 cells (Fig. 5B) . When Ishikawa cells were incubated with a panel of macrophage cytokines, as expected LIF was the most effective inducer of SOCS3 mRNA (Fig. 5C ).
LIF regulation of epithelial cell fucosylation
To investigate the effect of LIF on FUT1 and FUT2 bioactivity, fucosylation of epithelial cell glycoproteins was assessed after incubation with LIF using flow cytometry to monitor surface binding of UEA-1 and DBA lectins. We included both RL95-2 cells and Ishikawa cells and used a range of LIF concentrations. In Ishikawa cells, LIF induced an increase in total reactivity with both UEA-1 (Fig. 6A) and DBA (Fig. 6B) , with maximal effect at 10 pg/ml. In RL95-2 cells, LIF treatment induced an increase in total DBA reactivity and a trend to increased UEA-1, and higher doses were more effective ( Fig. 6A  and B) . In a time course experiment, the effect of LIF on UEA-1 reactivity in Ishikawa cells was not detectable until 24 h, and was most evident after 48 h (Fig. 6C) . The effect of LIF on fucosylated glycoconjugates in Ishikawa cells was also assessed in a solid phase lectin binding assay. In cell extracts prepared following culture with recombinant LIF (10 pg/ml) for 48 h, the concentration of glycoconjugates reactive with UEA-1 (Fig. 6D) and DBA (Fig. 6E) were both increased. (A, B) . Epithelial cells recovered at proliferative or luteal phase were cultured in transwell inserts for 48 h, and culture wells contained LPS-activated or unactivated U937 cells or medium alone. Epithelial cell FUT1 (A) and FUT2 (B) mRNA expression was quantified by qRT -PCR. Data were normalized to 18S expression and expressed as fold change relative to the medium alone control (mean + SEM, n ¼ 5 individual primary cell preparations per group in A and B). Data were evaluated by the Kruskal -Wallis H-test and Mann -Whitney U-test (*P , 0.05 compared with medium alone control for the same epithelial cell line).
To evaluate the contribution of LIF to mediating the regulatory effects of U937 cells, Ishikawa and RL95-2 cells were co-cultured for 48 h with LPS-activated or unactivated U937 cells, with or without addition of anti-hLIF neutralizing antibody, and UEA-1 and DBA reactivity was quantified by flow cytometry. Although in several experiments anti-LIF antibody induced a trend to reduced reactivity with UEA-1 and DBA, the effect was at best a partial neutralization of the effect of U937 cells and a statistically significant effect was not obtained.
Discussion
Paracrine signals emanating from stromal cells are known to be critical for cyclic remodeling of the endometrium (Carson et al., 2000; Bagchi et al., 2003; Bigsby and Bethin, 2008) and elements of the leukocytecytokine network are well-placed to be involved. The experiments described here suggest that macrophages may act as local modulators of uterine epithelial cell synthesis of adhesion molecules involved in regulating receptivity to embryo attachment. In Ishikawa cells, RL95-2 cells and HEC-1A cells, co-culture with U937 monocytes increased expression of FUT1 and FUT2 and this was accompanied in Ishikawa and RL95-2 cells by elevated surface reactivity with both UEA-1 and DBA lectins, indicating modulation of fucosylated structures on the cell surface. That all three cell lines responded to U937 cells in a qualitatively similar manner provides assurance of the physiological relevance of this finding (Hannan et al., 2010) . The likelihood of in vivo significance of the cell line data are supported by our observation that primary secretory phase epithelial cells also responded to U937 cell signals with increased FUT1 expression and in preliminary experiments, peripheral blood monocytes induced The total UEA-1 staining (E) and total DBA staining (F) are expressed relative to the mean value for control cells cultured without U937 cells (assigned a value of 1.0). Data in (E) and (F) are mean + SEM, n ¼ 6 per group. Data were evaluated by the Kruskal -Wallis H-test and Mann-Whitney U-test (*P , 0.05, # P , 0.10 compared with medium alone control for the same epithelial cell line).
Macrophage regulation of endometrial receptivity genes changes in Ishikawa cells qualitatively similar to those induced by U937 cells (data not shown). LIF was investigated as one candidate cytokine mediating the effects of macrophages. Evidence that LIF is a potential mediator of macrophage actions was provided by replication of U937 cell effects with recombinant LIF and demonstration of an increased pSTAT3 activity and SOCS3 mRNA in epithelial cells cultured with U937 cells. STAT3 is a signal transduction factor central to the LIF signaling pathway, and is also critical for implantation in the mouse (Catalano et al., 2005; Nakamura et al., 2006) . SOCS3 is a negative regulator of STAT3 induced downstream of LIF signaling. Both the LIFR and GP130 components of the heterodimeric LIF receptor are expressed in luminal epithelial cells (Cullinan et al., 1996) and LIF has previously been shown to elicit changes in expression of adhesion-related genes in the uterine epithelium, including TIMP1, CD44, TGFB1 and ITGA2 (Marwood et al., 2009) . The effects of LIF were concentration dependent and Ishikawa cells were particularly sensitive to dose effects with induction of fucosylated structures at 10 pg/ml. However, since we were unable to demonstrate complete neutralization of the effects of U937 cell effects with anti-LIF antibodies, and the scale of change in lectin binding activity or in FUT1 and FUT2 gene expression with recombinant LIF was generally lower than was achieved with U937 cell co-culture, it seems likely that LIF does not fully account for the effect of macrophages and other macrophage-derived agents may synergize with LIF to target epithelial cells. Another candidate macrophage cytokine identified as a potential regulator of Figure 5 Effect of U937 cells and macrophage cytokines on uterine epithelial cell STAT3 activation and SOCS3 mRNA expression. Ishikawa cells or RL95-2 cells were cultured in transwell inserts for 48 h, and culture wells contained LPS-activated or unactivated U937 cells or medium alone. STAT3 activity was quantified in nuclear extracts (A) and SOCS3 mRNAs were quantified by qRT -PCR (B). Ishikawa cells were incubated with recombinant IL1A, IL1B, IL6, IL12, LIF, TNF (all 1 ng/ml) or no added cytokine for 48 h and SOCS3 mRNA was quantified by qRT -PCR, after normalizing data to 18S expression (C). Data are mean + SEM, n ¼ 6 per group. Data were evaluated by the Kruskal -Wallis H-test and Mann-Whitney U-test (*P , 0.05 compared with medium alone control for the same epithelial cell line; # P ¼ 0.10 compared with no added cytokine control for the same epithelial cell line). Data were normalized to 18S expression (mean + SEM, n ¼ 6 per group). Data were evaluated by the Kruskal -Wallis H-test and Mann-Whitney U-test (*P , 0.05, compared with no cytokine control group for same cell type).
a1,2-fucosyltransferases in uterine epithelial cells is IL12, which in the current study induced FUT1 and FUT2 in RL95-2 cells and also induced Fut2 mRNA expression in mouse uterine epithelial cells (Jasper et al., 2010) .
Some cytokines produced by macrophages, notably IL1B and TNF, inhibited FUT1 and FUT2 mRNA expression in Ishikawa and RL95-2 cells, suggesting that the ratio of different cytokines to which epithelial cells are exposed might impact fucosyltransferase enzyme activity. Figure 6 Effect of LIF on uterine epithelial cell fucosylated structures reactive with UEA-1 lectin and DBA lectin. Ishikawa and RL95-2 cells were incubated with recombinant LIF (10 pg/ml, 100 pg/ml or 1 ng/ml) or medium alone for 48 h and UEA-1 and DBA cell surface staining was quantified by flow cytometry. The total UEA-1 staining (A) and the total DBA staining (B) are expressed relative to the mean value for control cells cultured without added cytokine (assigned a value of 1.0). To evaluate the time course of UAE-1 induction, Ishikawa cells were incubated with recombinant LIF (10 pg/ml) or medium alone and total UEA-1 staining was quantified by flow cytometry 12, 24 and 48 h later (C). The concentration of glycoconjugates was also analyzed by lectin binding assay. Glycoconjugates reactive with UEA-1 (D) and DBA (E) were quantified in Ishikawa cell membrane protein extracts prepared following incubation for 48 h with recombinant LIF (10 pg/ml) or medium alone. Data are mean + SEM, n ¼ 6 -9 per group. Data were evaluated by the Kruskal -Wallis H-test and Mann-Whitney U-test (*P , 0.05, # P , 0.10 compared with no added cytokine control for the same epithelial cell line).
Macrophage regulation of endometrial receptivity genes Elevated production of these inhibitory cytokines could explain why LPS-activated U937 cells were less effective in RL95-2 cells than unactivated U937 cells. TNF and IL1B are released in higher concentrations when U937 cells are exposed to LPS to induce inflammatory cytokine secretion (Haidet et al., 2011; H. Nakamura and S.A. Robertson, unpublished data) . Why Ishikawa and RL95-2 cells respond differentially to LPS-activated U937 cells is unclear, but could be attributable to differences in cytokine receptors in these cells (Hannan et al., 2010) . Further study is required to evaluate the interaction between LIF, TNF and IL1B on epithelial cell fucosyltransferase activity and to relate this to the secretory phenotypes of macrophages residing in the uterus. Although in the current study luteal phase epithelial cells responded at least as strongly to LPS-activated U937 cells as to unactivated U937 cells, it will be of interest to examine the response of primary epithelial cells to differentially activated macrophages in greater detail, since uterine macrophages exhibit characteristics in common with 'M2' alternatively activated macrophages lineages (Houser et al., 2011; Svensson et al., 2011) and an inflammatory phenotype may be linked with diminished fertility (Dechaud et al., 1998) . Human macrophages are known to produce LIF, with de novo synthesis as well as increased stability of LIF mRNA induced by activation agents including LPS and phorbol-esters such as PMA, with synergistic effects of vitamin D (Anegon et al., 1991) . These agents mimic the effects on macrophages of activation via various receptors including Toll-like receptors, as occurs in vivo in the event of a local pro-inflammatory environment or infection. Although U937 cells are a common in vitro model of human macrophage differentiation and function and share many characteristics with tissue resident macrophages (Gordon and Taylor, 2005) , we acknowledge the limitation of this cell line as a model for uterine macrophages. Indeed uterine macrophages have phenotypes specific to that tissue that influence their secretory profile and capacity to interact with other cell lineages (Houser et al., 2011; Svensson et al., 2011) .
In the normal menstrual cycle, CD68 + macrophage cell numbers increase in secretory phase endometrium relative to earlier phases of the cycle (Bonatz et al., 1992; Klentzeris et al., 1995; Rieger et al., 2004) , consistent with a possible role in preparing the tissue for implantation. The extent to which uterine macrophages are a source of LIF requires further investigation, but LIF synthesis in undefined stromal cells that have a similar distribution to macrophages, as well as both glandular and luminal epithelial cells, has been reported (Charnock- Jones et al., 1994; Cullinan et al., 1996; Vogiagis et al., 1996) . Modulation of FUT1 and FUT2 activity in the uterus is implied by the variation of H-type 1 antigen observed during the menstrual cycle (Skovlund, 1997) , with highest levels in the mid-secretory (luteal) phase (White and Kimber, 1994) . In mice, there are compelling studies showing the importance of fucosylated structures in embryo implantation, asa-1,2-fucosylated pentasaccharides inhibit embryo attachment to epithelial cells (Lindenberg et al., 1988) . Comparisons of mice with null mutations in the Fut1 and Fut2 genes show FUT2 but not FUT1 to be critical for H type 1 synthesis, since staining in endometrial epithelial cells is absent in Fut2 null mutant mice but present in Fut1 mutants (Domino et al., 2001) . Loss of these transferase activities caused no observed effect on fertility, suggesting compensatory mechanisms are available at implantation. Less is known about the expression of a1,2-fucosyltransferases and the role of terminal fucose structures in embryo attachment in the human. Approximately 20% of individuals are homozygous for a non-functional FUT2 allele, but whether this is associated with reduced fertility is not known. FUT2 may not be essential for human H type 1 synthesis since mass spectrometry studies have identified H type antigen in epithelial tissue of FUT2 deficient subjects (Henry et al., 1997) .
The fucosylated structures generated by FUT1 and FUT2 were readily detected on the cell surface by the lectins UEA-1 and DBA. DBA binds to the blood group A pentasaccharide [GalNAca 1,3(Fuca1,2)Galb1,3/4GlcNAcb1] (Etzler and Kabat, 1970) as well as to a sialo-oligosaccharide known as Sda containing four NeuAca2,3[GalNAcb1,4] Galb1,4GlcNAc antennae (Klisch et al., 2008) , while UEA-1 binds the H type 2 antigen (aL-Fuc(1,2)Galß1-4GlcNAcß1-). It is reasonable to postulate that the different target structures detected by these lectins, together with differences in the relative contributions of FUT1 and FUT2 enzymes to their generation, accounts for the differences we saw in UEA-1 and DBA expression on treated epithelial cells. These lectins have been used previously to distinguish receptive endometrial tissue (Jones and Aplin, 2009 ). In healthy fertile women, DBA reactivity of uterine epithelial cells is absent in the proliferative and early secretory phases, with target structures appearing in luminal epithelial cells in mid-secretory phase, and variations in a1,2-fucosyltransferase activity are proposed to account for this (Aoki et al., 1989; Jones et al., 1998) .
The results of this study correspond well with our recently published data from mice, showing that macrophage-derived factors including LIF act to regulate a1,2-fucosyltransferase expression in the uterine epithelium in early pregnancy, with macrophage depletion resulting in diminished surface expression of fucosylated structures in these cells (Jasper et al., 2010) . Evidence that similar signaling pathways operate in human uterine endometrial cells suggests that this pathway is conserved across species, although there are differences in the pathways since Fut2 was more responsive than Fut1 in mice (Jasper et al., 2010) , and IL1B elicited increased expression of Fut2 in mice but appeared to exert opposite effects on the human homolog FUT2.
Our observations add to the potential pathways through which maternal LIF expression acts as an essential regulator of maternal receptivity to embryo implantation (Stewart et al., 1992) and are consistent with previous reports of altered uterine macrophage populations and dysregulation of fucosylation in Lif null mutant mice (Fouladi-Nashta et al., 2005; Schofield and Kimber, 2005) . Neither LIF nor other cytokines have previously been implicated in regulation of fucosyltransferase expression in human reproductive tract cells.
These data suggest a new cell -cell communication mechanism through which maternal-embryo recognition at implantation may be regulated and raise the possibility that endometrial macrophage populations are a determinant of uterine receptivity in women. Macrophages are sensitive to infection, inflammation, stress, nutrition, smoking and environmental toxins (Hudson et al., 1999; Rioux and Castonguay, 2001; Zhang and Mosser, 2008; Martinez et al., 2009) , and could reasonably mediate the adverse effects of these factors on fertility. Differences in endometrial macrophage numbers do not obviously correlate with infertility diagnosis (Klentzeris et al., 1994; Jeziorska et al., 1996; Dechaud et al., 1998; Leung et al., 1998) , however their phenotype and cytokine secretory profile may be paramount. In support of this, co-localization of CD68 and the secreted mediators IL1A, IL1B and IL6 show variation associated with fertility status (Dechaud et al., 1998) . In women with endometriosis, DBA binding is generally reduced (Miller et al., 2010) and this could be attributable to the altered numbers and potentially a shift towards an inflammatory phenotype in the uterine macrophage populations in these women (Klentzeris et al., 1995) . Future studies are clearly warranted to explore the physiological significance of macrophage populations in endometrial receptivity in women, and the extent to which their behavior is influenced by infectious, inflammatory and environmental conditions.
